Abstract Variegated thistle (Silybum marianum) is a large, spiny annual that often forms dense monospecific communities on dry ridges and sunny hillslopes. The owner of a typical Poverty Bay hill-country farm with persistent variegated-thistle infestations reported that winter applications of herbicide were ineffectual in the long term as more variegated thistles simply recolonised the sprayed sites. An absence of preferred species, particularly perennial ryegrass (Lolium perenne) and legumes (Lotus and Trifolium spp.), in the soil seed bank under dense thistle populations may explain the persistence of these monospecific populations. To test this hypothesis, soil samples were collected from a dense and sparse variegated-thistle population in each of seven paddocks and incubated in a glasshouse. Emerged seedlings were identified and counted. The incubation was repeated three times. Total soil seed numbers were similar under both the dense and sparse populations with similar numbers of preferred legumes under both. However, there were significantly more perennial ryegrass seeds under the dense variegated-thistle populations compared with the sparse ones. Domination of thistles in densely infested patches was not due to lack of preferred species, or indeed other weed species, in the soil seed bank.
INTRODUCTION
Variegated thistle (Silybum marianum (L.) Gaetn.) is a robust annual or biennial thistle able to grow to a height of 2 m. It has large leaves and a tall flower stem with few spines on the upper part. The large, spiny flowers are solitary and contain seed that are too heavy to be carried far by their pappus (Dodd 1989) . These characteristics enable variegated thistles to form dense, impenetrable stands that are self-perpetuating on the same location each year. On a typical Poverty Bay hillcountry farm, winter applications of herbicide were reported by the farmer as ineffectual in the long term as the thistle simply recolonised the sprayed sites. The presence of adjacent sensitive crops limited the use of hormone-type herbicides to winter applications.
Persistent monospecific communities of variegated thistle might be explained by an absence of other competitive species, in particular perennial ryegrass (Lolium perenne) and legumes (Trifolium and Lotus spp.) in the soil seed bank enabling recolonisation of the same areas by variegated thistle year after year. If this is the case, then over-sowing these patches with useful pasture plant species may be a more durable control method than herbicide application. This paper reports on the testing of this hypothesis.
MATERIALS AND METHODS
An experiment was conducted by collecting soil samples on two occasions from paired sites in six paddocks (dense vs sparse thistle populations) on Wi Pere Station, Gisborne. These were incubated in the glasshouse and the emerged seedlings identified and counted.
Soil seed bank under variegated thistle does not explain thistle dominance

Sample collection
The soil seedbank was sampled in a dense and a sparse variegated thistle patch in each of six north-facing steep uncultivatable paddocks on 6 December 2015. A patch of variegated thistle was categorised as dense or sparse based on a visual observation by the same operator for all patches. In a 'dense' patch, the variegated thistles formed a monoculture. In a 'sparse' patch, at least some grass was present amongst the variegated thistles. Each patch was at least 1 ha in size. All variegated thistle patches selected were on northfacing slopes and were either on ridge-tops (spreading down the hillside) or, in some cases, were mid-slope. At the time, variegated thistles were flowering and approximately 2 m in height.
Within each variegated thistle patch, 22 random soil cores were taken, each 75 mm diameter by 50 mm deep, giving a total of about 4 kg of soil. The soil samples were bulked and returned to the laboratory for enumeration of the seed bank. The procedure was repeated on 22 March 2016, after the variegated thistles had flowered and the seeds had dispersed.
Seed bank enumeration
The soil seed bank was measured using the repeat incubation method (Rahman et al. 1995) .
The soil core samples were weighed, broken up, and each was spread to about 20 mm depth in two 300 mm x 400 mm seed trays. The trays were laid out at random on the glasshouse bench and top-irrigated as required. Glasshouse air temperatures were maintained between 15°C (night) and 25°C (day). After 4-6 weeks, the emerged seedlings were identified, counted and removed, and the soil allowed to dry. Plants that could not be identified at this time were planted out into pots and grown on until they could be identified at least to genus level. When dry, the soil was remixed in the trays and irrigated for another incubation of seed. The soil samples collected on 6 December 2015 were subjected to three incubations and those collected on 22 March 2016 were subjected to four incubations.
Statistical analyses
For each sampling date, data from each incubation were pooled to give total seedlings emerged. These were normalised to seeds/kg of field moist soil and the paired data (Tables 1-4) evaluated with a t-test on the differences between Dense and Sparse using R (3.4.3). Data presented are the 95% confidence intervals for the mean paired difference. 
RESULTS
Forty-two different plant species were found in the samples collected on 6 December 2015 and 55 different species in the 22 March 2016 samples. Seven species were found only in the early samples but 20 different species were found in the second sampling that were not in the first. In total, 62 species were found (Appendix) but the majority were at populations of less than 100/kg soil. The species of legume most frequently found was birdsfoot trefoil (Lotus corniculatus L.) with small contributions of suckling clover (Trifolium dubium Sibth.), subterranean clover (Trifolium subterraneum L.) and white clover (Trifolium repens L.) (Tables 1 and 3) .
Plant numbers for desirable species (ryegrass Table 2 Pairwise comparison of soil seed bank (seeds per kg/soil) at six sites for all weeds, clammy goosefoot, foxglove and toad rush under dense and sparse infestations of variegated thistle sampled on 6 December 2015. CI is the 95% confidence interval for the mean of the paired data. Tables 1-4 . There were no significant differences (P<0.005) between dense and sparse populations for any of the above species in either sampling except for ryegrass in the first sampling. Here, there were significantly more ryegrass seedlings in the dense variegated thistle stands than in the sparse stands.
DISCUSSION
The hypothesis that self-perpetuating variegated thistle patches were due to an absence of other species in the soil seed bank was not proven. In fact, the only significant difference in the presence of other species was observed for ryegrass in the first sampling; significantly more ryegrass was found under the dense than sparse infestations, the opposite of our hypothesis (Table 1) . Likely reasons for this may have been the location of the patches in the paddocks or the dense patches protecting the few ryegrass seed heads from being grazed. Dense patches are often located on the tops of ridges, which are areas where stock congregate meaning these areas are usually higher in fertility and flatter in topography than patches on the mid-hillslopes. Thus, the dense patches may have been in areas that were more conducive to perennial ryegrass growth and if ryegrass plants survive the competition then their seed heads are protected from grazing by the large variegated thistle plants. In selecting the paired plots care was taken to match their aspect and the success of this is reflected in the similarity of the weed species and seed numbers, particularly for the three most abundant weeds clammy goosefoot, foxglove and toad rush.
However, the quantity of seeds of ryegrass was very low compared to the number of weed seeds, most likely due to low levels of dormancy and persistence in the soil for perennial ryegrass (Howe & Chancellor 1983) . The low quantity of perennial ryegrass seeds found in the seed bank in spring is consistent with a recent Waikato study of grazed perennial ryegrass pastures, where the emergence of perennial ryegrass from the seed bank from soil sampled in spring was also low (Tozer et al. 2010) . The number of legume seeds (Tables 1 and 3 ) was rather high under both the dense and sparse infestations, particularly at the second sampling. This was encouraging because given the opportunity they could recolonise the -909-287 -188-90.4 -121-84.0 -353-44 .8 1 Percent of respective, Dense or Sparse, total seed found in the soil seed bank.
CI
variegated thistle sites, but as their numbers were similar under both dense and sparse infestations, the absence of dominant recolonisation must be due to other factors.
Despite the very high number of other weed seeds in the seed bank, variegated thistle was able to dominate the areas where present and form dense thickets. Here, we suggest it is the very large mass of variegated thistle seed (1.91 g/100 seed, Groves & Kaye 1989 ; c.f. 0.32-0.50 g/100 seed for perennial ryegrass, Hampton 1986 , and 0.058-0.060 g/100 seed for white clover, Clifford 1985) that allows it to dominate all other species present. Variegated thistle was no quicker than other species to emerge in the incubation trays but it grew very rapidly after emergence. Plants spread horizontally and reached 200 mm in diameter in just 3-4 weeks, which is consistent with the heavy seed. Thus, the abilities of variegated thistle plants not only to grow rapidly, but also to cover ground and shade out other species are likely to be key reasons why it forms dense impenetrable thickets rather than the composition of the seed bank per se (Chambreau & MacLaren 2007) . The heavy seeds also disperse within the vicinity of the parent plants, increasing opportunities for seedling establishment and the crowding out of other pasture species (Roche 1991) . These attributes of variegated thistle, and its sensitivity to light deprivation during establishment (Young et al. 1978; Montemurro et al. 2007 ) mean that there was likely a lack of ground cover in autumn to inhibit the germination of variegated thistle in the sites with dense infestation whereas there was more ground cover present on the sparse sites. Under the dense infestation, 80 perennial ryegrass seeds/kg roughly equals 200 kg seed/ ha or 10 times the recommended sowing rate. Therefore, it appears that it is not a lack of seed in the soil seed bank but rather this seed does not germinate at a time that enables it to shade out the variegated thistle. Finding a method to maintain, or establish, dense ground cover in late summer and autumn to inhibit variegated thistle growth during their seedling stage needs to be explored.
